Introduction
Melanoma is the deadliest and most aggressive among all skin cancers with increasing incidence rates. 1 According to estimations of the American Cancer Society, there will be 91,270 cases of melanoma in 2018 2 in the USA and 9,320 deaths will occur from melanoma alone this year. 2 If diagnosed at an early stage and excised by surgery, the 5-year survival rate of melanoma is 98%, 2, 3 whereas the survival rate decreases to 62% if melanoma is metastasized to lymph nodes and to 18% if it spreads to other body parts.
radiotherapy, and immunotherapy with enhanced clinical responses in melanoma (immune checkpoint inhibitors: nivolumab and pembrolizumab); 4 ,5 yet, a large fraction of patients still does not respond. In some cases of patients with BRAF V600 wild-type unresectable or metastatic melanoma, checkpoint inhibitors are the first choice of treatment and are approved by Food and Drug Administration. Chemotherapy is the first choice of treatment in case of primary and contained melanoma and is met with severe, dose-limiting side effects, while accumulation in tumors is low.
Drug pharmacokinetics, as well as side effects, can be changed by encapsulation into nanoparticles like liposomes. Liposomes are hollow lipid-based vesicles, with a watery core. Hydrophilic drugs can be encapsulated within the vesicle and hydrophobic drug in the bilayer. Liposomes are sterically stabilized by attaching polyethyleneglycol (PEG) at the outer membrane and shielded from opsonization, liver uptake, 6, 7 and sequestration by the reticuloendothelial system (RES). 8 By escaping the RES, liposomes circulate longer in blood, and eventually tumor-specific accumulation of liposomes is increased. 9 These PEGylated liposomes can be further functionalized by decorating the surface with antibodies 7, 10 specific to tumor cells. For example, targeted liposomes show increased accumulation in tumor cells overexpressing the corresponding target antigen in previous studies.
11 -14 However, in order to increase the number of cellular target antigens (including intracellular antigens) and selectivity (with antigens being absent in healthy tissues), liposomes could be covered by antibodies that recognize peptide-MHC (pMHC) class I molecules. MHC class I molecules are encoded by classical human leukocyte antigen A (HLA) A, B, and C genes and are highly polymorphic surface glycoproteins with a key function in antigen presentation. 15 All nucleated cells express MHC class I molecules, which display endogenous peptides, which in case of alterations due to infections of cancer can be recognized by CD8
+ T-cells via their T-cell receptors. Among MHC class I presented peptides, there are mainly four groups: peptides derived from differentiation antigens (ie, melanoma antigen recognized by T cells , glycoprotein 100 [gp100]); developmental antigens (carcinoembryonic antigen [CEA] ); cancer germline antigens (CGA, such as melanoma antigen A1 [MAGE-A1], MAGE-C2, and New York esophageal squamous cell carcinoma 1 [NY-ESO1]); and neoantigens (mutated protein p53 and B-raf kinase). 16 In the current study, we focused on CGAs, in particular MAGE-A1, due to their tumor-selective expression and absence from mature healthy tissue, and developed dynamic drug-loaded liposomes that are specifically targeted to an M1/A1 epitope, which constitutes a natural target for T-cells and is uniquely expressed on melanoma cells.
Barrow et al 17 show that MAGE-A1 has an expression of 20% in primary tumors, whereas the expression increases to 51% in distant metastases. Likewise, Brasseur et al 18 reported that 48% of the metastatic melanoma has MAGE-A1 expression in comparison with 16% in primary tumors. 19 It is also known that higher expression of CGA is correlated with worst outcome. 19 Additionally, other known MAGEs can be used for targeted therapy in melanoma.
In previous studies, whole monoclonal antibodies have been used to target liposomes, with the Fc part of the molecule often being recognized by macrophages and other immune cells, resulting in rapid clearance 7, 9 from the blood stream. To address this issue, we used scFv fragments without Fc parts. These scFv fragments are the smallest fragments of antibodies (25) (26) (27) (28) (29) (30) that retain complete antibody binding, but with potentially reduced immunogenicity, as a consequence of their small size, lack of Fc-domain, and complement-activating region. 7, 20 We have derived M1/ A1-specific scFvs (G8 and Hyb3) from Fab fragments that were originally selected from a phage display library 21 and have successfully converted these scFvs into chimeric antigen receptors and used to retarget T-cells. 22 Additional library engineering and selections yielded antibodies with different M1/A1 affinities, 23 which enabled studies into the relevance of antibody affinity for the binding and antitumor efficacy of multivalent nanoparticles. We investigated scFv G8 and Hyb3 because they are specific to pMHC complexes and have previously 24 shown promising results in vitro. Targeted nanoparticles were loaded with doxorubicin (DXR) as a proof of principle. DXR is a widely used chemotherapeutic, with a broad spectrum of activity, which makes it a good candidate for cancer therapy. 25 It is a widely studied and established anthracycline, cytotoxic in nature, and optimized for encapsulation in liposomes. The amphiphilic nature of DXR enables relatively easy passage through lipid bilayers of cells. 26 Moreover, DXR can be encapsulated by a so-called remote loading mechanism resulting in a near 100% efficiency. 27 For these reasons, DXR is the most studied chemotherapeutic in lipid-based carriers. In fact, Doxil is a commercially available liposomal formulation encapsulating DXR stably. 28 We hypothesized that by decorating DXR-encapsulating liposomes with scFvs we can target M1 
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saeed et al accumulation of nanoparticles on the cells increases and in turn will promote the delivery of cargo to the cells, thereby improving antitumor efficacy. 9 Adding chemotherapy as the cargo of targeted liposomes as a proof of principle, we want to show if the delivery of cargo and its antitumor effect after liposomes have accumulated in the tumor area based on specific targeting. In this research, we show specific melanoma targeting using a novel liposomal formulation using T-cell receptor (TCR)-like antibodies G8 and Hyb3 targeting MAGE-A1/HLA-A1 (M1/A1) antigen. The novelty concerns the recognition, by scFv-decorated liposomes, of a target consisting of a specific tumor antigen together with the presenting MHC molecule, mimicking as such the T-cell receptor.
Materials and methods Materials
pABC4 vector was a kind gift by Prof Kontermann (Stuttgart, Germany); BL21 bacteria by NEB (Leiden, the Netherlands); tryptone, yeast, NaCl, glucose, sucrose, β-mercaptoethanol, imidazole, EDTA, L-cysteine, HEPES, chloroform, methanol, and Triton X-100 were all purchased from Sigma (Zwijndrecht, the Netherlands). Immobilized metal affinity chromatography (IMAC) Ni 2+ columns and AKTA FPLC system were obtained from GE Healthcare (Hoevelaken, the Netherlands), and PBS and Amicon filters MWCO 10,000 from Millipore (Amsterdam, the Netherlands). Tris carboxyethyl phosphine (TCEP) beads and powder, Pierce Spin cups cellulose acetate filters were provided by Thermo Scientific (Bleiswijk, the Netherlands). All chemicals used were HPLC grade. Horseradish peroxidase (HRP)-conjugated anti-histidine (HIS)-tag antibody was obtained from Santa Cruz (Dallas, TX, USA); mouse anti-HIS-tag antibody from both Santa Cruz, SanBio (Mountain View, CA, USA) and Abcam (Cambridge, MA, USA); goat antimouse PE from Southern Biotech (human ads-PE) (Uithoorn, the Netherlands). Mouse anti-M13 antibody and HRP-tagged anti-M13 antibody were purchased from GE Healthcare. The lipids hydrogenated soy L-α-phosphatidylcholine (HSPC), cholesterol (Ch), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-PEG 2000 (DSPE-PEG 2000 ) were purchased from Lipoid (Ludwigshafen, Germany) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-26 (ammonium salt) (DSPE-PEG 2000 maleimide), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3 benzoxadiazol-4-yl) (NBD-PE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein) (ammonium salt) (CF-PE) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).
Nuclepore
® track-etched membranes were purchased from Whatman (Maidstone, UK). Doxorubicin-HCl was purchased from Pharmachemie (Haarlem, the Netherlands).
Methods

Immunoliposome formulation
Preparation, purification, and characterization of scFv proteins scFv G8 and Hyb3 were produced by our research group and collaborators as described previously. 24 Both scFv-DNAs were cloned into the pABC4 vector (adding a HIS-tag and cysteine) and put into BL21 bacteria. Bacteria were grown at 37°C until an optical density of 0.6-0.8 at 600 nm was reached. Cultures were induced with 1 mM isopropyl β-D-1-thiogalactopyranoside and grown for an additional 4 hours at 37°C. The periplasmic fractions of BL21 bacteria were subjected to IMAC 29 using an Ni 2+ column to remove proteins with a HIS tag. Fractions with protein were concentrated over Amicon filters (MWCO 10 kDa), and concentrated fractions of scFv were kept at 4°C until further use. Protein content was measured by NanoDrop™. Both scFvs were characterized and evaluated for in vitro binding to APD cells before coupling to liposomes as has been shown previously. 24 Preparation and characterization of liposomes A neutral liposome composition, typically HSPC, Ch, DSPE-PEG 2000 , and DSPE-PEG 2000 maleimide, was used in a molar ratio of 55:40:4:1, respectively. 30, 31 Liposomes were prepared by a film hydration method as previously described. 24 Briefly, lipids were dissolved in chloroform:methanol (9:1 v/v) and solvents removed by evaporation. The film was flushed with nitrogen and hydrated with 250 mM ammonium sulfate buffer (pH 5.5), and liposomes of correct sizes were produced by extrusions through polycarbonate membranes. Size and polydispersity index (PDI) were determined with a Zetasizer (Malvern Instruments, Worcestershire, UK), and PD10 columns were used to exchange the buffer to HEPES saline buffer (pH 7.4; 10 mM HEPES, 150 mM NaCl, 5 mM EDTA). DXR was loaded with an active gradient of ammonium sulfate pH 5.5 and HEPES pH 7.4 32, 33 for 1 hour at 60°C at a drug to lipid ratio of 0.1:1 (mol/mol). Unincorporated DXR was separated by ultracentrifugation at 29,000×g (Ti 50.2 rotor) for 2 hours at 4°C. Liposomes were resuspended at slow rotation overnight at 4°C in 10 mM HEPES buffer (pH 6.7) and preserved at 4°C until use within 2 weeks. Phospholipid content was determined before and after loading DXR by Rouser phosphate assay, and total lipid amount was calculated after Ch correction. 34 35 For flow cytometry and in vitro imaging experiments, 0.3% CF-PE or 0.3% NBD-PE were used in the bilayer as fluorescent probes together with encapsulated DXR. For in vivo experiments, DXR liposomes without fluorophores were used.
Immunoliposomes formulation and characterization
Liposomes were linked to scFv proteins by the postattachment method of coupling 10, 36 using preformed maleimide-PEG liposomes 37, 38 as described previously. 24 Briefly, purified scFvs were prereduced using TCEP (10 mM) for 1 hour at room temperature (RT). An amount of 340 µg of scFv was coupled to 10 µmol total lipids. Obtained immunoliposomes were subjected to phospholipid determination, and total protein coupled was calculated by Lowry-Peterson assay. 39 The number of scFv molecules attached was deduced using protein and lipid determinations as follows Finally, sizes and charges were determined and preservation of scFv was assessed by ELISA. 24 Briefly, streptavidinlinked M1
+
/A1
+ complexes were incubated with biotinylated ELISA plates for 1 hour at RT. Plates were washed and incubated with immunoliposomes at titrated concentrations for 1 hour, and plates were read according to the manufacturer's instructions.
In vitro validation of immunoliposomes stability of immunoliposomes
The stability of immunoliposomes was evaluated under conditions that mimicked the in vivo setting. Thus, 50 µL of immunoliposome sample was added to a quartz cuvette and HEPES or 100% FBS were added up to 3 mL. Sample fluorescence was measured under continuous stirring every second for 1 hour in a Hitachi F4500 fluorescence spectrometer (Ex 472 nm/Em 590 nm) at 37°C, after which 10% Triton X100 was added and the total DXR signal was measured. Immunoliposome stability was calculated as DXR released: DXR (%) I I I I 100
where I t is the fluorescence of sample at a certain time point, I 0 is the blank fluorescence, and I ∞ is the maximum DXR fluorescence. 35 Likewise, longer time stability and DXR retention in liposomes aliquoted at 37°C were evaluated at various time points up to 24 hours. [40] [41] [42] [43] which is an Epstein-Barr virus-immortalized B-lymphoblast cell line being M1 −
/A1
+ and used for M1 peptide (EADPT-GHSY) loading, was maintained in RPMI 1640 medium supplemented with 10% FBS, 1% l-glutamine, and 1% penicillin-streptomycin solution. All cells were grown at 37°C under 5% CO 2 in a humidified incubator. Cells were passaged upon reaching 80%-90% confluency. All media were phenol red free, and cells were regularly tested for mycoplasma by PCR. To assess cell binding of immunoliposomes, 500,000 melanoma cells were nonpulsed or 500,000 APD cells were pulsed with M1 peptide (1 µM) for 30 minutes at 37°C. 24 Cells were then subjected to a centrifugation at 450×g for 5 minutes and resuspended in 200 µL of liposomes encapsulating DXR, for 2 hours at 37°C, in case of melanoma at 10 µM or APD cells at a concentration of 1 µM. Cells were washed and resuspended in PBS prior to data acquisition on FACSCanto™ (BD Biosciences, San Jose, CA, USA). Analysis of flow cytometry was performed with FACSDiva™ (BD Biosciences), using the FCS Express 4 Flow Research Edition (De Novo Software, Los Angeles, CA, USA).
Interaction of immunoliposomes with cells by confocal microscopy
Immunoliposomes were formulated with 0.3% CF-PE 44 enabling detection at 488 nm excitation and 500-550 nm emission. Glass cover slips were coated with 500 µL of 0.1% collagen 38 or 0.1% gelatin for 30 minutes at 37°C and washed with sterile PBS. Tumor cells were harvested and grown on the coated cover slips in a concentration of 0. 10 µM of DXR in immunoliposomes for 1 hour at 37°C, carefully washed, and overlaid with medium incubated for 24 hours at 37°C. For imaging, the cell nuclei were stained with Hoechst for 10 minutes at 37°C. Nontreated cells and free DXR were used as negative and positive control, respectively. Cells were imaged with a confocal microscope (Zeiss LSM 510 META) equipped with a 405 nm, 488 nm Argon, 543 and 633 nm Helium-Neon laser. Images were acquired and analyzed with LSM AIM software (Zeiss, Oberkochen, Germany).
Toxicity
Melanoma cell lines were grown in 96-well plates for 24 hours at a seeding concentration of 10,000 cells per well, washed and exposed to free DXR, DXR-loaded liposomes (DXR-Ls), and DXR-L scFvs at 0.001, 0.01, 0.1, 1, 10, 20, 30, and 50 µM of DXR for 10, 30, 60, and 120 minutes. Liposomes were removed by washing cells twice. Cells were cultured with fresh medium for additional 72 hours, and cell survival was determined by sulforhodamine B cytotoxicity assay. 45 Cell viability was calculated as percentage of growth of control or untreated cells.
In vivo validation of immunoliposomes
Pharmacokinetics and biodistribution of immunoliposomes Animal experiments were approved by the "Instantie voor Dierenwelzijn" Erasmus MC and conducted with permissions granted by the "Nederlandse Dierexperimentencommissie." The experiments were performed according to the European Directive 2010/63/EU on the protection of animals used for scientific purposes. NMRI nu/nu mice were housed at temperatures between 20°C and 22°C and humidity between 50% and 60%. 35 Mice were fed with standard laboratory diet ad libitum (Hope Farms, Woerden, the Netherlands). Pharmacokinetics was studied in tumor-free mice. To this end, mice were injected with 4 mg/kg DXR-Ls and DXR-L scFvs, and 100 µL blood was drawn from the tail vein in heparin tubes at 5, 15, 30 minutes, 2, 4, 6, and 24 hours postinjection. Blood was centrifuged at 14,000×g for 10 minutes at RT, and plasma aliquots (50 µL) were distributed in a black plate and DXR fluorescence was quantified using a fluorescence plate reader (Wallac Victor2, PerkinElmer). The total signal of DXR was measured after adding 1% Triton X100 to the wells. One control mouse was sacrificed to subtract background signal of only plasma, without DXR. Biodistribution was studied in subcutaneous tumor-bearing mice that were subcutaneously implanted with tumor. Two cell lines were selected to induce tumors in the mice: G43 which is M1
+ and Mel78 which is M1 − /A1 + . A bulk tumor for transplantation was generated by injecting 5×10 6 cells in 100 µL PBS subcutaneously in the flank region. Upon reaching a volume of 300 mm 3 , the tumor was excised and pieces (2×2 mm) were implanted subcutaneously into new mice. Tumors were monitored every 2 days with a caliper. Tumor volume (mm 3 ) was calculated by the formula: 0.4 × a × b 2 , where "a" represents the largest diameter and "b" is perpendicular to "a." 43 When serially implanted tumor reached a volume of 300-500 mm 3 size, mice were administered a dosage of 4 mg/kg DXR-Ls and DXR-L scFvs; 6 hours after administration, mice were sacrificed and tissues (tumor, liver, kidney, spleen, heart, and lungs) were harvested and snap frozen in liquid N 2 until further analysis. DXR content was determined as previously described. 46 Briefly, tissue was treated with acidified isopropanol (0.075 N HCl in 90% isopropanol) for 24 hours at 4°C, homogenized (Bio-Gen PRO200 homogenizer with 10 mm generator; Pro Scientific, Oxford, CT, USA), centrifuged for 20 minutes at 15,000×g, and supernatants were harvested. DXR fluorescence was determined in supernatants using a Hitachi F4500 fluorescence spectrometer (Ex 472 nm/Em 590 nm). All measurements included an internal DXR standard, and calculations were done against a standard curve of DXR in acidified isopropanol. The amount of fluorescence was calculated and presented as micrograms of DXR per gram of tissue. Organs from a nontreated mouse as well as PBS controls were used to correct for background values.
Antimelanoma efficacy
When tumors reached a volume of 100 mm 3 , mice were treated as follows: control (PBS), free DXR, DXR-L (nontargeted), DXR-L linked to low-affinity scFv G8 (DXR-L scFv G8), and DXR-L linked to high-affinity scFv Hyb3 (DXR-L scFv Hyb3). A minimum of six and maximum of seven mice were used for all groups except for PBS where five mice were used for G43 group and three mice were used for Mel78 group. Two different treatment protocols were used: 2 mg/kg DXR dose was injected eight times or 4 mg/kg DXR dose was injected four times every 5 days, resulting in an accumulated dose of 16 mg/kg of DXR for both groups. Weight of mice was monitored daily, and therapeutic efficacy was evaluated by measuring tumor size every other day. Classification of tumor response to the treatment was reported previously. 47 Briefly, tumor size was measured every 2 days with a caliper and represented as tumor size index (TSI: the tumor volume in relation to initial tumor volume at the start of treatment). TSI of 5 was selected as a cutoff.
Survival was plotted for same number of mice as used for efficacy and was monitored for 3 weeks postinjection or until the tumors started to relapse. Mice were sacrificed due to 
statistical analyses
All results were processed using GraphPad Prism (version 5) and SPSS software (version 21) and analyzed by KruskalWallis H tests followed by Mann-Whitney U tests for pairwise comparisons. Survival data were analyzed by log-rank (Mantel-Cox) test.
Results
linkage to scFv does not affect liposomal zeta potential or DXR encapsulation DXR-Ls were produced and used as described previously and adhering to the following quality criteria: size (between 80 and 100 nm), PDI (below 0.1), zeta potential (slightly negative), and encapsulation efficiency (above 70%). 24 These formulations remained stable in HEPES and at 4°C for up to 4 weeks, while only slight changes in size and PDI were observed without aggregation (Table S1 ). However, based on our previous results regarding scFv coupling to liposomes and its stability and functionality of scFv fragment for up to 2 weeks, 24 freshly made DXR-Ls were used for all in vivo studies. DXR encapsulation was 98% for nontargeted DXR-Ls and 95% for DXR-L scFv G8 and 80% DXR-L scFv Hyb3 (Table S1 ), while on average 90% of the drug remained encapsulated during 4 weeks of storage at 4°C in HEPES buffer (pH 7.4). Between 30 and 50 scFv molecules were detected on DXR-L scFv G8 and Hyb3 as previously determined by size change of 10 nm immunoliposomes, SDS-PAGE (not shown but previously reported), 24 and protein measurement of immunoliposomes.
Next, short-term stability of liposomal preparations was determined in HEPES buffer to mimic storage conditions and FBS to mimic in vivo conditions at 37°C. DXR remained stably encapsulated (10% of leakage) at physiological temperature (37°C) for up to 1 hour in HEPES buffer or 100% FBS in all formulations ( Figure 1) . A similar result was obtained when formulations were incubated in HEPES buffer for up to 24 hours at 37°C. However, a 20% leakage was observed for both immunoliposomes when incubated in 100% FBS at 37°C for 6 hours or longer ( Figure 1B) , and a 10% leakage was observed at 24 hours for DXR-L, the latter being comparable with previous results. 48, 49 As in patient circulation times are expectedly shorter than 6 hours after injection, results indicate that our immunoliposome formulations are suitable for in vivo use.
Immunoliposomes bind to, become internalized, and effectively kill melanoma cells expressing cognate antigen
Binding of anti-M1/-A1 scFv-coupled DXR-Ls was studied by flow cytometry using antigen-positive M1 + /A1 + (MZ2Mel43 and G43) and antigen-negative M1 − /A1 + (Mel78 and Mel2A) melanoma cells (Figure 2A and B) . Antigen expression of these cell lines was previously established on cDNA level (Saeed et al, 24 Figure S1 ) and rechecked by us ( Figure S1 ) on protein level by flow cytometry assay. T-cells expressing anti-M1/-A1 TCR were incubated with melanoma cells, and they could bind only when M1 was expressed in HLA-A1 context. DXR-Ls had green carboxyfluorescein (CF-PE), a fluorochrome inserted in the lipid bilayer of liposomes and the signal showed almost equal binding/ internalization when compared with DXR signal (Figure 2A ). According to DXR signal, some binding and internalization at 37°C of DXR-Ls were observed, while DXR signal was quenched due to liposomal retention ( Figure 2B ). In the M1 + /A1 + MZ2Mel43 melanoma cell line, we observed three Confocal images confirmed low binding and internalization of nontargeted DXR-Ls in both antigen-positive and -negative cell lines ( Figure 2C ). Moreover, green (CF-PE) and red fluorescence (DXR) colocalize/overlap confirming retention of DXR in the liposome after cellular binding and internalization. We observed slightly more uptake of control DXR-Ls by antigen-positive cells vs antigen-negative cells ( Figure 2C ), similar to the flow cytometry data, which may be due to differences in cell membrane molecules and/or cell activity. Importantly, DXR-L-scFv G8 and Hyb3 were significantly more internalized by the M1
+ cells (Figure 2Cii and iii) . DXR-L-scFv G8 binding and/or internalization by MZ2Mel43 and G43 cells were higher compared with control DXR-Ls. Regarding Mel78 and Mel2A cells, some binding and/or internalization of DXR-Ls were observed, but no clear visible differences between liposomal formulations were observed. At 24 hours of exposure, most DXR was still present in liposomes and not released ( Figure 2C ), indicating intracellular entrapment of DXR. However, some leakage occurred over time resulting in DXR accumulation in the nucleus of all cell lines. Thus, M1
+ cells preferentially bind to and internalize DXR-Ls decorated with anti-MAGE scFvs.
When extending our findings to in vitro toxicity toward melanoma cells, we observed that both anti-M1/-A1 scFvcoupled DXR-L formulations showed higher cytotoxicity when compared with DXR-Ls at a concentration of 10 µM liposomes or higher when incubated with M1
+ melanoma cells for all exposure time points (10, 30, 60, and 120 minutes) (Figure 3Ai and ii). However, when M1 −
/A1
+ cell lines were used, no difference in cytotoxicity was observed among all tested liposomal formulations (Figure 3Aiii and iv) . As expected, free DXR shows higher toxicity due to direct availability of the drug resulting in faster uptake by cells. IC 50 values extracted from the cytotoxicity curves confirm our observations, showing a two to five times lower IC 50 value for scFv coupled vs noncoupled liposomal formulations toward their exposure toward antigen-positive cells ( Figure 3B ). In fact, Kruskal-Wallis test shows significant differences among the groups (MZ2Mel43 P=0.005, G43 P=0.005, Mel78 P=0.02, and Mel2A P=0.04) and Mann-Whitney U test shows enhanced viability for antigen-positive cell lines when free DXR or DXR-L was compared with either of the DXR-L scFv formulations (P=0.03 for both cell lines MZ2Mel43 and G43). When DXR-L scFvs were compared with each other, there were no significant differences found. For both antigen-negative cell lines, no significant differences were found among all the liposomal formulations. However, when free DXR was compared with DXR-L and DXR-L scFv formulations, it was significantly different (P=0.03 for both cell lines Mel78 and Mel2A). These data show that uptake of liposomes by antigen-positive cells was directed by scFv coupled to DXR-L, and this resulted in antigenspecific killing.
Pharmacokinetics and biodistribution of anti-M1/-A1 DXR liposomes in NMRI nu/nu mice
To evaluate pharmacokinetic profiles of our experimental liposomal formulations, NMRI nu/nu nontumor-bearing mice were treated, which revealed that DXR-Ls have a longer time of circulation compared with anti-M1/-A1 scFv-coupled DXR-L (Figure 4 ). These data confirmed previous findings of Allen 2002 (use of the postinsertion method for the formation of ligand-coupled liposomes) where they show that targeted formulations are cleared faster from blood stream due to possible binding to targeted cells.
Ratio of DXR (encapsulated) to CF (liposomal bilayer) over time suggests overall stability of DXR-L (0.5 hour=0.48) and possible drug release from DXR-L scFv G8 (0.5 hour=0.94) and Hyb3 (0.5 hour=0.95) at 4 hours (DXR-L scFv G8=3.78 and Hyb3=2.69). The correlation between liposome and DXR is considered as a more robust measure of stability (P=0.4). No significant differences among the groups were found during blood circulation, when DXR-L was compared with either DXR-L scFv G8 or DXR-L scFv Hyb3. Half-life of DXR-L was ~7.03 hours, DXR-L scFv G8 was 5.243 hours, and DXR-L scFv Hyb3 was 5.413 hours (Figure 4 ). Of note, DXR-L scFv G8 and Hyb3 showed similar circulation times, indicating identical clearance properties and stability after injection.
To evaluate biodistribution of our experimental liposomal formulations, NMRI nu/nu mice with tumors derived from either the G43 (M1 Figure 5 ). This accumulation could be due to physiology of G43 cells and how these cells interact or affect other organs. Distribution to organs and nontargeted tissues is substantial for both nontargeted 50 and targeted liposomes compared with free DXR as shown previously. This however is not accompanied by side effects due to low cell uptake in nontargeted tissues. 51 In mice bearing Mel78 tumors, DXR-L scFv G8 is accumulated higher than DXR-Ls but similar compared with DXR-L scFv Hyb3. Accumulation of DXR-L scFv G8 on the whole was higher in G43 tumor tissue than all organs except lungs. DXR-L scFv Hyb3 accumulation was the highest in tumor tissue in comparison with other organs. For Mel78, accumulation of DXR-L scFv Hyb3 was high in all organs. Both DXR-L scFvs accumulated higher in kidneys, spleen, lungs, and heart.
Efficacy of anti-M1/-A1 DXR liposomes and survival
Finally, mice bearing human melanoma tumors were treated with the immunoliposomes using two dosage schemes: either four injections of 4 mg/kg DXR ( Figure 6A and C) or eight injections of 2 mg/kg ( Figure 6B and D) in free form or liposomal encapsulated with an interval of 5 days. For the treatment of G43 and Mel78 tumors, a minimum of six and maximum of seven mice were used for all groups except for PBS where five mice were used for G43 group and three mice were used for Mel78 group. A dose of 2 mg/kg free DXR resulted in a transient inhibition of tumor growth for about 14 days ( Figure 6A and B) . The treatment of G43 tumor with 2 or 4 mg/kg nontargeted DXR-Ls had an intermediate effect, where three and four out of six tumors had a growth delay. In these groups no true antitumor responses, such as tumor shrinkage or disappearance, were observed. We observed tumor inhibition from the start in G43 tumors when treated with 4 mg/kg DXR-L scFvs ( Figure 6A and E) . Notably, we observed five out of seven antigen-positive tumors treated with 4 mg/kg DXR-L scFv G8 that went into complete remission and four remained undetectable until the end of experiment, one went back into recurrence and was palpable at day 42 ( Figure 6A and E) . Furthermore, six out of seven antigen-positive tumors showed clear growth inhibition following treatment with DXR-L Hyb3 4 mg/kg ( Figure 6A and E), while two went into complete remission and remained undetected until the end of the experiment.
Administration of 2 mg/kg dose resulted in prolonged antitumor response in G43 tumor-bearing mice for both immunoliposome formulations DXR-L scFv G8 and Hyb3 ( Figure 6 ). When treated with 2 mg/kg DXR-L scFv G8, two out of five tumors showed profound growth inhibition ( Figure 6B and E). We observed that seven out of seven antigen-positive tumors treated with DXR-L scFv Hyb3 2 mg/kg showed growth inhibition while two went into remission and remained undetectable. In G43 tumor-bearing mice, superior activity of targeted treatment (DXR-L scFv G8 and Hyb3) became apparent after fourth dose ( Figure 6B and E) .
Interestingly, in Mel78 tumor-bearing mice, following a treatment dose of 4 mg/kg DXR-L-scFv Hyb3, a prolonged antitumor response was observed in five out of six mice ( Figure 6C and E) . DXR-L-scFv G8 administration only had a transient effect on these antigen-negative tumors with two out of seven mice showing stable disease. Repeated administration of 2 mg/kg of both DXR-L-scFv formulations resulted in comparable (nonsignificant) tumor growth reduction toward the antigen-negative tumor Mel78 ( Figure 6D ).
An overview of normalized tumor growth values at days 6 (after single dose), 20 (4 doses), and 36 (toward the end of experiment) is given calculated against initial tumor measurement at the start of the experiment ( Figure 6E ). We observed that at day 6 after single dose, all mice had a TSI below 5%. At day 20, in both treatment schedules, none of the M1 + /A1 + G43 bearing animals treated with both targeted formulations showed a TSI above 5. We also observed that nontargeted DXR-L already had quite an effect over G43 Figure S3A, C and E) . Treatments compared within G43 tumor group 4 mg/kg dosage showed significant differences when DXR-L scFvs were compared with either control (Figure S3A and E) . When nontargeted DXR-L was compared with DXR-L scFv G8 (P=0.02) or DXR-L scFv Hyb3 (P=0.04), significant differences were found ( Figure S3A and E) . However, when mice were treated with 2 mg/kg dosage, only DXR-L scFv Hyb3 showed a Figure S3B and E). No significant differences were found among the DXR-L scFvs in all groups. When Mel78 2 mg/kg group treatments were compared, significant differences were only found against PBS group, rest of the treatments showed no significant differences (Figure S3D and E) .
To monitor toxicity body weight and other signs of toxicity, such as diarrhea, lethargy, less appetite, or improper gait, were also recorded. Body weight measurements showed that mice treated with free DXR or DXR-L did not lose weight but became slow and lost appetite as a consequence of prolonged tumor growth ( Figure S4 ) and were taken out of the experiment as mandatory by the regulations in animal welfare. Treatment with DXR-L scFvs 4 mg/ kg dosage lowered weight after injection in both antigenpositive and -negative tumor-bearing mice, rebounced to normal levels a few days later, and stayed at normal levels till the end of the experiments ( Figure S4 ). Animals treated with 2 mg/kg dose of DXR did not lose weight or showed other discomforts due to treatment. Two G43 tumor-holding mice treated with DXR-L Hyb3 4 mg/kg had diarrhea for 2 days after the first dose. Three mice with G43 tumors developed ascites (one in PBS group and two treated with 4 mg/kg DXR-L scFv G8). Two mice with G43 tumors became lethargic and eventually were sacrificed (one 2 mg/kg DXR-L scFv G8 and one 4 mg/kg free DXR). Five mice with Mel78 tumors developed ulcers (three from PBS group and two from 2 mg/kg DXR-L group). Two mice with Mel78 tumors had weight loss over 20% of initial weight (both 4 mg/kg dose: one DXR-L scFv G8 and one DXR-L scFv Hyb3), and therefore had to be sacrificed.
Discussion
Previously, we showed that melanoma cells can be targeted with antibodies mimicking TCRs. 22, 24 These antibodies recognize tumor-specific peptides expressed by MHC-I molecules on tumor cell surfaces and, compared with classical antibodies, cover a higher number of cellular target antigens. In case tumor antigens are targeted that are absent in healthy tissues, the coupling of TCR-like antibodies to nanosized carriers, such as liposomes, enhances the tumor selectivity of liposome targeting. However, the making of immunoliposomes is challenged by liposome; opsonization as well as recognition by macrophages, 52, 53 mainly due to the Fc part of antibodies, causes these challenges. Therefore, we and others exploit scFv antibodies to generate immunoliposomes, the smallest fragment that still retains full binding capacity. 54, 55 The TCR-like scFv G8 and Hyb3 coupled to liposomes mediate specific binding and internalization by M1/A1-positive melanoma cells in vitro. 24 Here, we have built on these earlier data and linked M1/A1 targeting, using scFvs with different binding affinities, to DXR-based liposomal chemotherapy and included a series of appropriate tests, including those related to stability, pharmacokinetics, biodistribution, and in vitro and in vivo antitumor efficacy. Steric stabilization of liposomes with PEG renders these liposomes stealth-like, ie, due to PEG on the outside liposomes is not recognized by opsonins and circulates therefore relatively long after systemic injection. 56 Here, we use a unique antibody as it recognizes a peptide/MHC-I complex. 22, 57 Moreover, the antigen, MAGE, is only expressed on tumor cells in this context, providing a melanoma-specific target. Thus, in short, we have shown that when anti-M1/-A1 antibodies are coupled to liposomes carrying DXR as cargo, uptake of these liposomes is enhanced, which leads to enhanced cell-specific killing. In vivo, we show that these targeted DXR-Ls show better efficacy and survival when compared with nontargeted treatments and antigen-negative tumors.
Decoration of DXR-L with TCR-like scFvs did not affect long-term DXR encapsulation, which is in line with findings for other targeted formulations. 58 In addition, flow cytometry and confocal microscopy revealed higher binding of DXR-L-scFvs to M1 +
/A1
+ cells compared with M1 − /A1 + cells and DXR-Ls. It is noteworthy that liposomal binding to antigen-negative cells was lower but present for both DXR-L scFvs; however, we observed minimal binding of targeted liposomes DXR-L scFv G8 and Hyb3 to antigen-negative melanoma cells in vitro, indicating excellent specificity. We postulate that this could be the result of more rapid processing of DXR-L scFvs followed by a higher degree of degradation compared with DXR-Ls. Confocal microscopy data revealed that slightly higher uptake of DXR-L scFv G8, and binding site barrier (BSB) effect could be responsible for this high uptake of DXR-L scFv G8 in comparison with Hyb3. 59, 60 This BSB effect was proposed for antibodies, and a study by Saga et al showed that BSB effect could be seen in small micrometastases of size 300 µm. They also showed that increasing the dose of antibody partially overcame the BSB effect but lost antibodies lose their specificity. We hypothesize here that DXR-L scFv Hyb3 is possible to have been saturated by antigens first encountered, and due to the high affinity of Hyb3 it is not possible to escape it. DXR-L scFv G8 having the 24 we had the impression that scFv Hyb3 has a high affinity and binding to MHC molecule: HLA-A1. G8 and Hyb3 scFvs are both selected against M1 only when presented by HLA-A1, 21 yet a higher affinity of Hyb3 scFv may render enough binding force to enable sufficient interaction with HLA-A1 alone.
Besides due to PEG on the outside liposomes are not recognized by opsonins and circulate therefore relatively long up to 6 hours after systemic injection. 56 However, encapsulation of DXR in such sterically stabilized liposomes, as we use here, impairs in vitro cytotoxicity. 56 Likewise, we observed a 100-fold higher cytotoxicity of free DXR vs DXR-Ls. But importantly, DXR-L-scFv G8 and Hyb3 were significantly more toxic toward M1 + /A1 + melanoma cells but not antigen-negative melanoma cells compared with nontargeted DXR-Ls. This results from antigen-specific binding and internalization mediated by the attached scFv. Generally, circulation time of PEGylated liposomes becomes compromised when moieties are attached on the outside. 57 Although our cytotoxicity data argue that coupling liposomes to TCR-like scFvs enhances efficacy of liposomes, which extends data from earlier studies with liposomes coupled to classical scFvs, 61, 62 faster clearance, instability, and off target binding are observed as well with scFv-coupled liposomes. 57 Indeed, our scFv-decorated liposomes exhibit shorter circulation time compared with nontargeted DXR-L. Especially in the first hour after injection in mice, a drop in blood levels of immunoliposomes is observed followed by a second phase of clearance, which runs parallel to that of DXR-L. Although the initial faster clearance of targeted DXR-L will affect accumulation in tumor tissue, we argue that specificity of targeting enhances safety of immunoliposomes and is able to compensate for any potential compromise toward efficacy of these liposomes (ie, enhanced delivery at tumor and less/negligible delivery at other tissues). MAGE-A1 is only expressed on tumor cells, and our biodistribution experiments indeed demonstrated that our immunoliposomes preferentially accumulated in antigenpositive tumors, while DXR-L and free DXR accumulated at lower levels and in accordance to previous observations. 57 scFv G8 and Hyb3 differ in affinity toward M1/A1 (scFv G8 K D is 250 nM and scFv Hyb3 K D is 14 nM). In spite of a higher affinity, DXR-L-scFv Hyb3 localized to the same extent in antigen-positive G43 tumors when compared with DXR-L-scFv G8. However, due to yet unknown reasons, accumulation of DXR-L scFv G8 was highest in all examined healthy tissues. We could hypothesize that there is some effect of G43 tumor cells on other organs, and more experiments are needed to prove this interaction.
Although, in vivo, accumulation of targeted liposomes in antigen-negative tumors was about 3-fold lower when compared with accumulation in antigen-positive tumors, localization of DXR-Ls and free DXR in the former tumors was also lower, making interpretation of targeting specificity difficult. Possible explanations could include difference in vascular density and tumor perfusion between G43 and Mel78 tumors, sensitivity to DXR, or low expression of M1 in vivo by the otherwise antigen-negative melanoma Mel78. In vivo, however, treatment of antigen-negative melanoma with DXR-L scFv Hyb3 did result in a better tumor response when compared with DXR-L scFv G8-treated mice. These results may argue that besides antigen specificity, other tumor-related factors as those mentioned above may be responsible. When targeting self-antigens, self-recognition might occur causing side effects. Here, we show that DXR-L scFv G8 does not show off target binding, while DXR-L scFv Hyb3 shows some binding to M1 − cells. We hypothesize that maturation of the antibody made it less specific to M1, while binding to HLA is preserved, which may affect the toxicity profile.
Conclusion
A dominating hurdle in cancer therapy with systemically injected compounds is the lack of local accumulation. 63 Whether chemotherapeutics, immune-modulating agents, or small molecules are used, systemic distribution results in dose-limiting toxicity to vital organs. The architecture of a tumor, specifically poor perfusion resulting from low vascular density, sluggish blood flow, elevated interstitial pressure, and abundance of intra-tumoral stroma, works against drug delivery. 64, 65 Previous studies have already demonstrated a possible benefit for nanosized carriers as these may impair side effects and augment accumulation in tumors. 63, 64 Here, we clearly demonstrate stability, specificity, and effectiveness of antitumor therapy with liposomes coupled to TCR-like scFv. Therapeutic efficacy was recorded by tumor growth inhibition, weight loss, and survival percentage of mice. We showed that DXR-L scFvs inhibited tumor growth significantly compared with other groups. These liposomes are specifically targeted to tumor cells and deposit large quantities of drug in tumor proximity or within cells. In addition, we would like to develop these further for imaging purposes; when loaded with contrast agents they can assist in the detection of micrometastases. In future, these can be ultimately used to study the possibilities of targeting various compounds and co-encapsulting them together leading to image-guided drug delivery. 
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